INTRODUCTION 25
The bacterial flagellum is a complex protein structure which consists of a long 26 helical filament, connected through a flexible linker known as the hook to a H + or Na + 27 driven rotary motor (29). Rotation of the filament produces thrust that allows the cell to 28 swim in liquid or semisolid medium (6). Bacteria perform taxis by controlling the 29 frequency of reorientation, which is commonly regulated by a two component signal 30 transduction system that senses an environmental stimulus (2, 3, 7). Several reorientation 31
mechanisms have been described for different bacteria (35). In Escherichia coli and 32
Salmonella enterica serovar Typhimurium, in which the flagellar system has been more 33 extensively studied, more than 40 proteins are required for its synthesis and functioning 34 (29). Expression of the flagellar genes is regulated in a hierarchical pattern which results 35 from the coordination of the flagellar gene expression at the transcriptional or 36 posttranscriptional level with one or more structural checkpoints of the flagellum 37 biogenesis (31). This tight regulation has probably evolved to avoid unnecessary 38 synthesis of the large number of flagellar protein subunits required for this structure. The 39 high energetic cost required for the synthesis and functioning of the flagellum is 40 compensated by the selective advantage conferred by motility. Accordingly motility 41 seems to be important in several processes such as colonization, pathogenesis, dispersion 42 and competition for resources (37). When the growth medium is too dense to allow 43 swimming many bacteria differentiate into swarming cells. This process consists of 44 cellular enlargement of the cell, hyperflagellation and secretion of a surfactant. In the 45 peritrichously flagellated enterobacteria reviewed in (13, 46) 
and in undomesticated 46
Bacillus subtilis (23), the same set of flagellar genes are responsible for swimming and 47 isolation of non-motile strains by random or direct mutagenesis always resulted in the 71 identification of genes that, with exception of the motAB operon, are part of a gene 72 cluster located in chromosome I, we will refer to this cluster from here on as flagellar 73 cluster one (fla1). The fact that several random mutation experiments only identified 74 genes within this cluster indicated that these were the genes required for the synthesis of 75 the previously characterized flagellum and consequently, responsible of the observed 76 motility of R. sphaeroides. Nonetheless, the presence of a second set of flagellar genes 77 which consists of more than 30 apparently functional cistrons (without any evident 78 mutation), organized mainly in a cluster (fla2) present in chromosome I, suggests that 79 these genes are also functional. It has been suggested that the genes in the fla2 cluster 80 could compensate the loss of a gene in the fla1 cluster, which has been proposed to occur 81 at low frequencies (19, 28) . Another explanation for the absence of pseudo genes in the 82 second flagellar cluster would be a recent duplication event (9), although a horizontal 83 transfer origin for the flagellar genes in cluster 1 has also been proposed (20) . 84
In this work we investigated the functionality of the second copy of flagellar 85 genes in R. sphaeroides WS8. Our results show that the genes in the fla2 cluster assemble 86 a functional flagellum. This flagellum was present under liquid or semisolid anaerobic 87 growth conditions. In contrast with other bacteria with two flagellar systems in which one 88 system serves to produce lateral flagella, the second flagellar system in R. sphaeroides 89 produces polar flagella. Phylogenetic analysis indicates that the genes in the fla2 cluster 90 are the native R. sphaeroides flagellar genes, while those of the fla1 cluster were likely 91 acquired as the result of a horizontal transfer event, involving a proteobacterium as the 92 possible donor. Interestingly, other -proteobacteria closely related to R. sphaeroides 93 and arabinose concentrations were tested in order to determine the optimal condition to 140 overproduce this polypeptide. The protein was in the soluble fraction when a culture at an 141 O.D. 600 of 0.5 was induced with 0.02% arabinose at 30° C for three hours. The cells were 142 lysed by sonication at 4° C in 10 mM phosphate buffer pH 7 with 10% glycerol and 10 143 mM imidazol. The protein was affinity purified by passing the soluble fraction through a 144
Ni-NTA Agarose (Qiagen) column. The column was washed with 20 resin volumes of 10 145 mM phosphate buffer pH 7 with 10% glycerol and 20 mM imidazol, the protein was 146 eluted in the same buffer containing 150 mM imidazol. The resulting fraction was then 147 dialyzed at 4° C against PBS in 100 times the sample volume including three buffer 148
changes. 149
The mouse -FlgE2 antibodies were obtained after three immunizations with 150 approximately 20 g of protein mixed with incomplete Freud´s adjuvant. The 151 immunizations were spaced by four weeks, and final bleeding one week after the third 152
immunization. 153
Purity of the isolated protein was verified by SDS-PAGE according to standard 154 techniques. Transfer of proteins to nitrocellulose membranes was carried out as described 155 elsewhere. Probing of the membranes with the -FlgE2 antiserum was done at a final 156 dilution of 1/100 000. Detection was carried out by chemiluminescence using the Goat 157 anti-Mouse IgG-AP (H+L) (Zymed) and CDP-STAR reagent. 158
Microscopy. Swimming cells were observed using an E600 Nikon microscope with a 159 40X or 60X objective and DIC microscopy. Video recording was carried out using a 160
Hamamatsu VE1000 SIT camera and a S-VHS VCR. To calculate the average swimming 161 speed of bacterial cells during a single linear trajectory, we analyzed the images of a 162 The cells were then incubated at 4° C for three hours, washed with 1 ml of PBS and 169 resuspended in 100 l of PBS with the secondary antibody (Alexa Fluor 488 rabbit anti-170 mouse IgG, Molecular Probes) at the concentration recommended by the manufacturer. 171
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The cells were incubated for 30 minutes at 4° C and observed with a Nikon E600 172 microscope with epifluorescence. Images were obtained using a Hamamatsu ORCA-ER 173 camera. 174
Electron microscopy images were obtained from negatively stained preparations made on 175 carbon coated grids. The cells in 1.5 ml sample of an exponential growing culture were 176 concentrated by centrifugation at 2000 x g for 5 minutes and resuspended in l of 10 177 mM HEPES buffer pH 7. A grid was placed over a drop of this concentrated sample and 178 left for 5 minutes. The grid was then place over a drop of 2% uranil-acetate and left for 2 179 minutes, dried at room temperature and then observed in a JEOL 1010 electron 180
microscope. 181
Phylogenetic analysis. Orthologous gene families were assembled by using gapped 182 BLASTP and the bidirectional best-hit method using an E-score cut-off threshold of < 10 -183 03 and imposing that pairs of homologous sequences had an overlap of at least 50% of 184 their lengths, with > 30 % overall sequence identity, as described previously (33). To test whether a mutation in a flagellar gene of the fla2 locus had an effect on the 237 swimming ability of the wild-type strain, the SS1 strain was generated by replacing the 238 wild-type flhA2 gene with the flhA2::uidA-aadA allele. The resulting strain had a wild-239 type swimming phenotype when tested in either soft agar plates or when an aliquot of a 240 culture was observed under the light microscope. The same result was obtained when the 241 cells were grown under heterotrophic or photoheterotrophic conditions (data not shown). 242
To rule out the possibility that the phenotype of the SS1 strain (flhA2::uidA-aadA) 243 was being concealed by the strong swimming produced by the fla1 flagellum, we 244 compared the swimming ability of the WS8 wild-type, SP18 (flgC1::kan), SS1 245 (flhA2::uidA-aadA) and SS2 (flgC1::kan, flhA2::uidA-aadA) strains. The phenotype of 246 these strains was tested in stab tubes under photoheterotrophic growth conditions, since 247 swimming of R. capsulatus is better observed by this method (27). As in the swimming 248 plate assay, swimming in stab tubes is observed as a spreading from the inoculation point, 249 with the only difference being that the inoculation of the stab tubes is made by stabbing 250 the agar with a straightened loop, resulting in a long stripe of growth from which the cells 251 move away. Motility of the WS8 wild-type and SS1 (flhA2::uidA-aadA) strains was 252 observed in 0.25% agar even as early as 36 hours after the inoculation (Fig. 3A) . Longer 253
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on November 4, 2016 by guest http://jb.asm.org/ Downloaded from incubation resulted in a homogenous spreading pattern that completely saturated the tube 254 (Fig. 3B, C and D) . Interestingly, motility of the SP18 (flgC1::kan) strain was observed 255 under these conditions after one week of growth (Fig. 3C ). In contrast with the 256 homogeneous dispersion pattern of the wild-type strain, the SP18 strain dispersed as 257 several independent flares resulting in a broken cloud aspect (Fig. 3C and D) . The 258 appearance of motile cells that produce a similar pattern in agar tubes to that described 259 for SP18 (flgC1::kan) was also observed for LC1 (flgE1::aadA) and SP13 (fleQ ::kan) 260 strains (data not shown), indicating that this behavior is not specifically associated with 261 the flgC1::kan allele. The SS2 strain carrying the flhA2::uidA-aadA and flgC1::kan alleles 262 was unable to form the dispersion pattern of either the wild-type or SP18 strains (Fig. 3) . 263
This suggests that the observed motility of the SP18 strain is dependent on the fla2 genes. the purification steps remained the same (i.e. 18 ± 5 m/sec), discarding the possibility 294 that the differences in the time required to observe swimming was due to an increase in 295 swimming velocity. We will refer from here on to the purified SP18 strain as SP18 fla2+. 296
In contrast to the results obtained with either WS8 wild-type or SP18 strains, the FlgE2 297 protein could be easily detected by Western blot in cell extracts from the SP18 fla2+ 298 Fig. 4A and B) . The number of flagella assembled by SP18 fla2+ 314 cells was variable, but cells with two or three filaments were commonly observed (Fig.  315   4E ). In addition, flagella in these preparations were frequently found intertwined with 316 each other (Fig. 4C) , suggesting that they may coalesce in a bundle when the cell is 317 swimming. Although many of the filaments observed for SP18 fla2+ cells were broken or 318 detached from the cell body, cells as the one shown in figure 4E However, it should be emphasized that anaerobic conditions per se are not sufficient to 412 induce the expression of fla2 genes in wild-type R. sphaeroides, since in accordance with 413 previous reports, no swimming cells were detected when different mutant strains in the 414 fla1 cluster were grown under these conditions (41). In line with these results, the protein 415
FlgE2 was absent in cell extracts obtained from the wild-type WS8 strain grown under 416 anaerobic conditions (Fig. 1 lane 4) . Therefore, as previously mentioned, the first 417 requirement to express the fla2 gene cluster seems to be the acquisition of a mutation in a 418 putative regulatory gene. After this event, fla2-dependent motility is only observed if the 419 cells are cultured under anaerobic conditions. The factor(s) involved in this regulation 420 remain to be investigated. 421
The fact that no mutations have accumulated in the fla2 genes of the R. sphaeroides 
